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SUMMARY 

Theoretical performance data "based on frozen equilibrium and 
isentropic expansion are presented for ranges of mixtures for a num- 
ber of propellant combinations at a reaction pressure of 300 pounds 
per square Inch absolute and an expansion ratio of 20.4. The fuels 
considered are liquid hydrogen, hydrazine, liquid ammonia, hydrazine 
hydrate, and hydroxylamine; the oxidants are liquid ozone, liquid 
oxygen, and 100-percent hydrogen peroxide. The theoretical data 
*• include nozzle-exit temperature, specific impulse, volume specific 

impulse, and composition, temperature, and mean molecular weight of 
^ the reaction products. 

The maximum specific impulse for most of the propellants 
occurred in the fuel-rich region at a reaction-chamber temperature 
less than the maximum. Maximum volume specific impulse did or did 
not occur at the point of maximum specific impulse, depending on 
the relative density of the fuel and oxidant. On the basis of max- 
imum specific impulse alone, the five fuels assumed the following 
order for any given oxidant; liquid hydrogen, hydrazine, liquid 
ammonia, and either hydrazine hydrate or hydroxylamine; and the 
three oxidants with a given fuel had the following order: liquid 

ozone, liquid oxygen, and 100-percent hydrogen peroxide. On the 
basis of maximum volume specific impulse alone, the order of the 
fuels with a given oxidant was hydrazine, hydroxylamine, hydrazine 
hydrate, liquid ammonia, and liquid hydrogen. With a given fuel, 
except for ammonia, the oxidant order was: liquid ozone, 

100-percent hydrogen peroxide, and liquid oxygen; with ammonia the 
order, however, was 100-percent hydrogen peroxide, liquid ozone, 
and liquid oxygen. 
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INTBODUCTION 

Socket -propellant performance is evaluated by a number of fac- 
tors and the relative importance of each factor is governed by the 
particular application of the craft powered by the rocket engine. 

A large amount of thrust is desired for a given mass consumption 
rate of the working fluid (specific impulse). If aerodynamic drag 
is an important consideration, the rocket propellants should have 
high densities to give high thrust per unit volume (volume specific 
impulse). Because of the cooling problem, a low reaction tempera- 
ture is also desirable. Inasmuch as specific impulse is approxi- 
mately proportional to the square root of the quotient of gas tem- 
perature by mean molecular weight of the reaction products, an 
increase in specific impulse is more desirably obtained by decreasing 
the mean molecular weight than by increasing the gas temperature. 

An appreciable reduction in the mean molecular weight of the reaction 
products is possible by the use of propellants that do not contain 
carbon and thereby eliminate the heavy carbon dioxide molecule. 

Some calculated rocket performance data for hydrogen-nitrogen- 
oxygen systems obtained at a selected react ion- chamber pressure of 
300 pounds per square inch absolute, an expansion ratio of 20.4, 
and with assumed frozen equilibrium and isentropic expansion in the 
nozzle are presented herein. The following fuel-oxidant combina- 
tions are considered: 

(1) Liquid hydrogen with liquid ozone and with liquid oxygen: 

Eg-Oj and Hg-Og 

(2) Hydrazine with liquid ozone, with liquid oxygen, and with 

100-percent hydrogen peroxide: NgH 4 -0 3 , Ng^-Og, and 

W 2 H 4" H 2°2 

(3) Liquid ammonia with liquid ozone, with liquid oxygen, and 

with 100-percent hydrogen peroxide: NE3-O3, NHj-Og, 

and NH^-HgOg 

(4) Hydrazine hydrate with liquid ozone, with liquid oxygen, 

and with 100-percent hydrogen peroxide: NgH^HgO-Oj, 

®2®4*®2®""®2* &sd NgH 4 »HgO-HgOg 

(5) Hydroxylamine with liquid ozone, with liquid oxygen, and as 

a monofuel: NHgOH-Oj, NHgCE-Og, and NHgOH 

Performance data for the following combinations have been cal- 
culated at California Institute of Technology: liquid hydrogen-liquid 
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oxygen, hydrazine-liquid oxygen, hydrazine-hydrogen peroxide, and 
anmonia- liquid oxygen. For sake of completeness and uniformity, 
however, the performance of these combinations was recalculated. 

The method used for the calculations is briefly described and 
is illustrated in the appendix. The physical- chemical and thermo- 
dynamic data used in the calculations are presented in tables. The 
theoretical performance of the propellant combinations in terms 
of reaction-chamber gas composition, reaction temperature, nozzle- 
exit temperature, specific impulse, volume specific impulse, and 
mean molecular weight of reaot ion- chamber gases is presented as 
functions of percent by weight of fuel in the fuel-oxidant mixture. 
The comparative performance of the propellants is discussed and 
illustrated by tabulated and plotted data. 


Method of Calculation 

The theoretical performance calculations require the deter- 
mination of reaction- chamber gas composition, reaction temperature, 
and nozzle-exit temperature in order to obtain the specific impulse. 
The method is a modification of that used at the Turbo Laboratory 
of Massachusetts Institute of Technology. An illustrative calcula- 
tion of specific impulse Is presented in the appendix. 

In the calculations, a reaction pressure of 300 pounds per 
square inch absolute was selected and a reaction temperature 
assumed. From the selected pressure and assumed temperature, the 
composition of the gases was determined by a tidal solution of the 
simultaneous equilibrium and material balance equations . The equa- 
tions were solved by a graphical method developed at the NACA 
Cleveland laboratory utilizing the temperature-equilibrium data of 
reference 1. The assumed reaction temperature is the correct 
temperature when the enthalpy of the reaction equals the enthalpy 
change of the reaction products from the starting temperature to 
the assumed temperature. The calculations are repeated until such 
a balanoe is obtained. From the reaction temperature and the 
reaction- ohamber gas composition, the nozzle-exit temperature Is 
determined by assuming frozen equilibrium, isentropic expansion, 
and selection of an expansion ratio of 20.4. The enthalpy change 
from the reaction temperature to the nozzle-exit temperature is 
determined and is assumed to be the available energy. The specific 
impulse is calculated from the available energy and the weight of 
a given quantity of propellants. Volume specif lo impulse is 
obtained by multiplying the specific impulse by the specific gravity 
of the propellant mixture. 
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The physical-chemical data for the propellants used in the cal- 
culations are presented in table I. In the calculations, the tem- 
perature of the propellants is taken to he either 18° or 25° C (it 
makes an inappreciable difference vhioh temperature is selected) 
except for liquid ozone, liquid oxygen, and liquid hydrogen, in 
vhioh cases the boiling temperatures at atmospheric pressure were 
used. Temperature-enthalpy data and temperature-entropy data for 
the reaction products were calculated from free -energy data in ref- 
erence 1 and are presented in table II and table III, respectively. 


RESULTS AND DISCUSSION 

The composition of the reaction- chamber gas for each of the 
13 fuel-oxidant combinations is presented by figures 1 to 5. For 
each combination, the mole fraction of each reaction product is 
shown plotted against percent by weight of fuel in the fuel-oxidant 
mixture. 

The performance parameters for each fuel-oxidant combination 
are shown in figures 6 to 10. For each combination, reaction- 
chamber temperature T 0 , nozzle-exit temperature T e , mean molec- 
ular weight of the reaction products M, specific impulse I, and 
volume specific impulse 1^ are plotted against percent by weight 
of fuel in the fuel-oxidant mixture. 

The performances of the fuel-oxidant combinations are compared 
in figure 11. Reaction- chamber temperature, nozzle-exit tempera- 
ture, mean molecular weight, specific impulse, and volume specific 
impulse for all the combinations are shown plotted against the 
ratio of fuel to fuel plus fuel equivalent of oxygen r. Using 
this parameter, the oxidant-rich region occurs from 0 to 0.5 and 
the fuel-rich region from 0.5 to 1.0 with the stoichiometric ratio 
at 0.5. 

The curves of react ion- chamber gas composition for all pro- 
pellant combinations (figs. 1 to 5) follow the same general pattern. 
Concentrations of all oxygen-bearing products and monoatomic nitrogen 
tend to reach a maximum in the stoichiometric or oxidant -rich region. 
Maximum concentrations of monoatomic hydrogen occur in the fuel- 
rich region near the stoichiometric region. Inasmuch as the theo- 
retical performance calculations presented herein are based on frozen 
equilibrium, the gas- composition data (figs. 1 to 5) provide, if 
desired, starting points for recalculating the performance of the 
propellants by assuming that the propellant gas composition shifts 
during the expansion through the nozzle. 
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The curves of react Ion- chamber and nozzle-exit temperatures for 
the 13 propellant combinations (figs. 6 to 11(b)) follow a similar 
trend, increasing to a maximum in the stoichiometric or slightly 
oxidant-rich region and decreasing in the fuel-rich region. 

The mean molecular weights of the reaction- chamber gases in all 
cases decrease as the percent by weight of fuel is increased (figs. 6 
to 10 and 11(c)). The presence of excess hydrogen is the principal 
cause for the low mean molecular weights occurring in the fuel-rich 
region. 

The maximum specific impulse for most of the propellants occurs 
in the fuel-rich region at a reaction- chamber temperature less than 
maximum (figs. 6 to 10 and 11(d)), as a result of the low mean 
molecular weight values in this region. Maximum volume specific 
impulse may or may not occur at the point of maximum specific impulse, 
depending on the relative density of the fuel and the oxidant (figs. 6 
to 10, 11(d), and 11(e)). For most of the combinations, maximum 
specific impulse volume specific impulse occur at approximately 
the same mixture. In the case of hydrogen, however, ma xi mum specific 
impulse is in the extreme fuel-rich region, whereas maximum volume 
specific impulse is beyond the data on the oxidant-rich side of 
stoichiometric. 

In the calculations, the initial temperatures of the propellants 
were set at values regarded most convenient in rocket practice. 

These temperatures, however, may not be opti m um for the highest 
densities. I*or example, if liquid oxygen were cooled from near the 
atmospheric boiling point of -183.0° to the melting point of -210.4° C, 
an 11.4-percent increase in density is gained. (See table I.) If 
liquid ozone is cooled from its boiling point, -112° C, to the 
boiling point of liquid oxygen, -183° C, a density gain of 17.1 per- 
cent Is obtained. Inasmuch as ozone would probably be mixed with 
liquid oxygen, curves are included in figures 6(a) and 7(a) to show 
volume specific impulse for ozone at -183° C. These curves, in which 
the density of ozone was taken at -183° C, are inexact because the 
enthalpy chang e for the ozone from -183° to -112° C was neglected. 
Ammonia, if cooled from 18° to the freezing point at -77.7° C, will 
increase in density 19.4 percent. If enthalpy changes are neglected, 
the volume specific impulse may be increased nearly 20 percent by 
cooling both ozone and amm onia, as shown In figure 8(a). 

The performance of the propellants at the stoichiometric region, 
at the region of maximum specific impulse, and, for some cases, at 
the region of mw-Timum volume specific impulse is s umm a r ized in 
table 17. On the basis of maximum specific impulse alone, the five 
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fuels assume the following order for any given oxidant: liquid 

hydrogen, hydrazine, liquid ammonia, and either hydrazine hydrate or 
hydroxy lam ine; and the three oxidants with a given fuel have the 
following order: liquid ozone, liquid oxygen, and 100-percent hydro- 

gen peroxide. On the basis of maximum volume specific impulse alone, 
the order of the fuels with a given oxidant is hydrazine, hydroxyla- 
mine, hydrazine hydrate, followed hy liquid ammonia, and liquid 
hydrogen; and with a given fuel except for ammonia the oxidant order 
is liquid ozone, 100-percent hydrogen peroxide, and liquid oxygen; 
with ammonia the order, however, was 100-percent hydrogen peroxide, 
liquid ozone, and liquid oxygen. 

The advantage of eliminating carbon from the propellant system 
is illustrated by same typical data shown in table Y. Here the 
reaction temperatures of some carbon-bearing propellants are compared 
with reaction temperatures of noncarbon-bearing propellants that have 
similar values of specific Impulse. Hi© specific-impulse values are 
all for constant gas composition during expansion. As shown in 
table V, hydrazine-hydrogen peroxide yields a slightly higher maximum 
specific impulse than either ethyl alcohol-oxygen or octane-oxygen 
at a reaction temperature of 430° or 545° K lower, respectively. 

With oxygen, liquid ammonia is shown to have temperature advantage 
over methylamine. Hydroxy lamina as a monofuel has a higher specific 
impulse than the best mixture of aniline-red fuming nitric acid at 
nearly one- third less absolute reaction temperature. 


SUMMARY OP RESULTS 

The theoretical performance data, which were based on frozen 
equilibrium and isentropic expansion over ranges of mixtures for 
13 rocket propellant combinations involving oxygen, hydrogen, an d 
nitrogen at a reaction pressure of 300 pounds per square inch abso- 
lute and an expansion ratio of 20.4 may be summarized as follows: 

1. The maximum specific impulse in pound-seco nds per po und 
for each propellant combination was: 


'905 
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Fuel 

Oxl 

.dant 

Liquid 

ozone 

Liquid 

oxygen 

100-percent 
hydrogen peroxide 

Maximum specific impulse, lb- sec /lb 

Liquid hydrogen 
Hydrazine 
Liquid ammonia 
Hydrazine hydrate 
Hydroxylamine 

372.7 

277.1 

265.0 

249.0 

248.0 

344.0 
265.7 

251.0 
235.5 

241.0 

247.5 

235.8 

227.0 


2. Maxim um specific impulse for most of the propellant combina- 
tions occurred in the fuel-rich region at a reaction-chamber temper- 
ature less than maximum. 

3. The reaction-chamber and nozzle-exit temperatures for each 
combination were at a maximum in the stoichiometric or slightly 
oxidant-rich region. 

4. The mean molecular weight of the reaction-chamber gas in 
each case was substantially less in the fuel-rich region. 

5. The vise of propellant combinations not containing carbon 
resulted in a lower reaotion temperature for a given specific 
impulse than propellant combinations containing carbon. 

6. Maximu m volume specific impulse for a given propellant com- 
bination did or did not occur at the fuel-oxidant mixture yielding 
maximum specific impulse, depending upon the relative density of the 
fuel and the oxidant. 

7. Volume specific impulse was, in some cases, appreciably 
affected by varying the initial temperature of the propellants. 

8. On the basis of maximum volume specif io impulse alone, the 
order of the fuels with a given oxidant was hydrazine, hydroxylamine, 
hydrazine hydrate, liquid ammonia, and liquid hydrogen. With a 
given fuel, except for ammonia, the oxidant order was liquid ozone, 
100-percent hydrogen peroxide, and liquid oxygen; with ammonia, 
however, the order was 100-percent hydrogen peroxide, liquid ozone, 
and liquid oxygen. 


Flight Propulsion Research Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio. 
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APEENDIZ - TYPICAL CALCULATION OF SPECIFIC IMPULSE 

Symbols 

The following symbols are used in the report: 
c nozzle-exit velocity, ft/sec 

g gravitational constant, lb mass-ft/lb force-sec 2 

AH enthalpy change 

AHq energy available for acceleration from w grams of propellant, 

kg cal 

AHf enthalpy of formation, kg cal/gram mole 
T 2 

AE_ enthalpy change between given temperatures T^ and Tg, 

1 1 kg cal; temperatures, °K 

I specific impulse, lb-sec/lb 

1^ volume specific impulse (I X specific gravity of fuel- 
oxidant mixture) lb-sec(62.4) /cu ft 

K conversion factor, i/^AHa/w 

M molecular weight of given propellant 

M mean molecular weight of reaction-chamber products 

n number of moles of reaction- chamber products 

P c reaction-chamber pressure, atmospheres 

P e nozzle-exit pressure, atmospheres 

B universal gas constant, 1.986 kg cal/gram mole-°K 

S T entropy at given temperature T, cal/gram mole-°E 

T c reaction- chamber temperature, °K 

T e nozzle-exit temperature, °K 

w weight of propellant mixture, grams 
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Calculation, of Reaction-Chamber Temperature 

For a given propellant combination, the first step in the cal- 
culation of specific impulse is to determine the reaction- chamber 
temperature. A reaction temperature is assumed and the reaotion- 
chamber gas composition is computed at a given pressure by a graph- 
ical method developed at the MCA Cleveland laboratory. If the 
assumed temperature is correct, the enthalpy of the reaction will 
equal the enthalpy change of the reaction products from the selected 
inlet temperatures to the assumed reaction temperature. If this 
equality is not achieved, a new composition is determined for 
another assumed reaction temperature and the procedure is repeated. 

For illustration, the case of hydrazine and ozone at a reaction- 
chamber pressure of 300 pounds per square inch (20.4 atmospheres) 
and at approximately the stoichiometric mixture will be used. After 
two trials, the correct reaction-chamber temperature is interpolated 
to be approximately 3480° K. A third trial, outlined herein, is 
made to check this value. 

Composition of gas in chamber. - By means of the graphical 
solution the reaction may be represented by the following chemical 
equation: 

ffgH 4 + 0.6740 0 3 > 0.0912 0 2 + 0.0600 0 + 0.3474 H 2 

+ 0.9688 N 2 + 0.2640 OH + 0.0590 NO + 0.1280 H + 0.0041 N 
+ 1.4566 HgO 

Calculation of heat content of gases. - The following enthalpies 
were interpolated from the values of temperature and enthalpy given 
in table H: 
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Gas 

Moles of 
reaction- 
chamber 
products 
n 

Enthalpy from 
298.1° to 3480° K 
(kg cal/mole) 

Enthalpy from 
298.1° to 3480° K 
for each component 
(kg cal) 

°2 

0.0912 

28.062 

2.559 

0 

.0600 

15.804 

.948 

h 2 

.3474 

25.445 

8.840 

w 2 

.9688 

26.458 

25.633 

OH 

.2640 

25.753 

6.799 

NO 

.0590 

27.062 

1.597 

H 

.1280 

15.804 

2.023 

N 

.0041 

15.804 

.065 

h 2 o 

1.4566 

36.833 

53.651 


SnAB^gQ 0 ^, products » 102.115 kg cal 

Calculation of total enthalpy of formation of reaction products. 
The total enthalpy of formation Is calculated as follows: 


Gas 

Moles of 
reaction- 
chamber 
products 
n 

Enthalpy of for- 
mation, AHf 
(kg cal/mole) 

Enthalpy of for- 
mation, AHj. for 
each component 
(kg cal) 

°2 

0.0912 

0 

0 

0 

.0600 

59.10 s 

3.546 

h 2 

.3474 

0 

0 

n 2 

.9688 

0 

0 

OH 

.2640 

9.31 s 

2.458 

NO 

.0590 

22.55 s 

1.330 

H 

.1280 

51.90 s 

6.643 

N 

.0041 

85.10 s 

.349 

h 2 o 

1.4566 

-57.80 s 

-84.191 

a Bej 

’erence 3. 


SnAHf, products = -69.865 kg cal 
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Enthalpy of formation of reactants, - The literature reports 
data at both 16° and. 25° C. The differences in enthalpies for the 
two "base temperatures are neglected. 

Enthalpy of formation AHf of hydrazine is 

E^ (liquid, 25° C) A% = -Qf = 12.05 kg cal (reference 6) 

Enthalpy of formation of liquid ozone at -112.5° C is 

0 3 (gas, -112.5° C) — 0 3 ( liquid, -112.5° C), AH = -2.96 kg cal 
(reference 3) 

0 3 (gas, 18° C) » 0 3 (gas, -112.5° C), AH = -1.10 kg cal 

(reference 4) 

1.5 0 2 (gas, 18° C) > 0 3 (gas , 18° C),AH = 34.5 kg cal 

(reference 3) 

Therefore 

1.5 0 2 (gas, 18° C) > 0 3 ( liquid, -112.5° C),AH^.= 30.44 kg cal 

Enthalpy of formation of the propellant mixture EgH 4 + .6740 0 3 is 
SAHp of reactants = 12.05 + (.6740) (30.44) = 32.57 kg cal 

Enthalpy balance. - If 3480° K is the correct reaction- chamber 
temperature, the enthalpy of formation of the reactants minus the 
enthalpy of formation of the products should he equal to the heat 
content of the gases. 

71 af j. of reactants - ZAHf of products = ^s||g 0 1 of products 

By substituting values 

32.57 - (-69.87) = 102.44 

The heat content of the products is 102.12 kilogram calorie ; the true 
reaction temperature therefore is not more than two or three degrees 
higher than the value, 3480° K, which Is accepted here. 


12 


MCA RM No. E8A30 


Calculation of Nozzle-Exit Temperature 

For isentropic expansion and constant gas composition, the 
following relation can he shown: 

T T P 

2n S e = Zn S 0 - nRlogQ 

T T 

where S 6 and S c are the entropies of the reaction- chamber 
gases at the nozzle-exit temperature T e and reaction- chamber tem- 
perature T c , respectively. The reaction-chamber and nozzle-exit 
pressures are P c and P e , respectively. 

Inasmuch as T c is known to equal 3480° K, the .value of 
T 

Zn S 0 for 1 mole of gas is calculated from entropy values inter- 
polated from table III. 


Gas 

1 Mole 
fraction 

Entropy s 3480 
per mole 

Entropy s 3480 of 
each component 

°2 

0.0270 

69.424 

1.874 

0 

.0178 

50.776 

.904 


.1028 

49.789 

5.118 

W 2 

.2867 

65.111 

18.667 

OH 

.0781 

62.723 

4.899 

NO 

.0175 

70.220 

1.229 

H 

.0379 

39.613 

1.501 

N 

.0012 

48.830 

.059 

h 2 o 

.4311 

70.538 

30.409 


Zn S 3480 » 64.660 

The entropy of 1 mole of expanded gas is computed as follows: 

T T ^ 

Zn S 8 = Zn S - nRlog e ~ = 64.660 - 1.986 (log e 20.4) = 64.660 
- 5.990 = 58.670 

The nozzle-exit temperature Is the temperature at which the gas 
mixture will have an entropy of 58.670 and is solved for by trial. 
By using the method shown, the following values are found for 1 mole 
reaction-chamber gas: 
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Sn S 1950 = 58.649 
„ 1958 

Zn S = 58.690 


By linear Intropolation T e = 1954. 


Calculation of Specific Impulse 

Calculation of available energy. - The available energy AH a 
is assumed to be the difference between the beat content at T 0 
and the beat content at T e . At tbe reaction temperature T c = 3480° K, 
tbe beat content of tbe products from tbe reaction + 0.6740 0 3 

was shown to be 102.44 kilogram calories. By use of tbe method pre- 
viously described, tbe beat content at T e » 1954° K Is found to be 
48.40 kilogram calories. Tbe available energy AE^ is computed. 


ZnAK, = ZnAH 3480 - ZnAH 1954 = 102.44 - 48.40 = 53.71 kg cal 
298.1 298.1 

Calculation of weight of products. - Inasmuch as tbe available 
energy was computed for tbe reaction of 1 mole of with 

0.6740 mole of 0 3 , tbe weight of tbe products is 

* - %2E 4 + - 67W “0 3 

= 32.05 + .6740 (48.00) - 64.40 grama 

Specific impulse. - By assuming that tbe available energy Is all 
translated to kinetic energy, tbe following relation holds: 



where c Is tbe nozzle-exit velocity of tbe gases, AB^ is tbe 
available energy from tbe expansion of tbe reaction- chamber gases, 
a nd w Is tbe weight of tbe reaction- chamber gases. 

Inasmuch as I Is usually expressed as pound-seconds per pound 
w-nfl AW a and w are computed in metric units, a factor K including 
tbe constants and tbe conversion factors is computed as follows: 
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AIL, 
= K a — 

V w, 


kg cal 


grams 


z( 5087?.^?. ( 32.17 \ AH,, kg cal 

x _ 1 lb- sec 2 . \ *S ca V V lb-sec 2 / a 

x — * ” 1 /' ■ Th \ 

^0.002205 j w, grams 


32.17 lb-ft 


I, = 295 


„ / AHa, 

•° / v~ 


kg cal 


grams 


Substituting values, 


I » 295 
I = 269.4 
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TABLE I - PHYSICAL-CHEMICAL PROPERTIES OP PROPELLANTS 
["Temperatures In superscripts, °C. References In parentheses .^J 


Specific 
Propellant gravity 


Liquid 

hydrogen 


Enthalpy Enthalpy Vapor 

of of pressure 

formation vapor- (atm) 

(kg cal/mole) ization 

(kg oal/ 
mole) 


Bolling Freezing Viscosity 
point point (centi- 
(°C) (°C) poises) 


Refractive Molecular 
index weight 

<»d) * 



0.070 

( 2 ) 

1.0024 £ 

(5) 


-2.01 -252,8 0.216" 255 12.8 -239 * 31 -252.8 

(crit.) 

a (3,4) (3) (8) (2) 


a (3,4) 

™=25 


Liquid 

oxygen 


Hydrogen 

peroxide, 

100-pernent 


0.6131 18 

. 7323- 77 * 7 

( 2 ) 


1.03 2 s5 

(5) 


( 2 , 8 ) 


1.43-U 2 

1 . 71- 123 

ft (4) 


1.14- 182 

1.27" 210 * 4 

(4) 


1.4631° 


-16.07 Ai 

(3) 


-58. 0 25 

(7) 


a (3,4) 


( 10.2 
1 ( 6 ) 


269.18 

0.0130” 262 * 6 

1.097 -262,8 

(5790A) 

2.0162 

(2) 

(4) 

(4) 

(2) 

0.0 

0.903 25 

1.470 22 

32.05 

(6) 

(6) 

(6) 

(6) 


0.266 -33 * 5 

( 2 ) 



1.629' 183 49.7 -118 * 8 -183 


(crit.) 

( 2 ) 



( 2 ) 


152.1 

( 2 ) 


-218.4 0.189" 252 * 07 

(96*) 

(2) (4) 




1.325 16 * 5 17.03 


50.06 

( 2 ) 


33.03 

( 2 ) 


48.00 


1.221 -181 32.00 

(4) 



Calculated from data in references cited. 


34.02 

(2) 
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TABLE II - ENTHALPIES OP GASES ABOVE 298.1° K 
[no gas Imperfections. Calculated, from free-energy data of reference l.J 


Temper- 
ature , T 

(°kJ 


Enthalpy, ^298.1* leg cal/gram mole 



2.511 

3.394 

4.308 

5.249 

6.224 


10.414 

11.534 

12.675 

13.836 

15.021 
16.221 
17.439 

18.673 
19.924 
21.186 
22.461 
23.748 
25.046 
26.353 
27.671 
28.995 
30.330 

31.673 

33.021 
34.377 
35.738 
37.107 
38.481 
39.860 
41.246 
42.634 
44.025 


0.013 

.708 

1 
2 
2 

3.515 

4.225 

4.944 

5.670 

6.406 

7.151 

7.908 

8.677 

9.452 

10.239 

11.036 

11.841 

12.657 

13.478 

14.308 

15.145 

15.988 

16.840 

17.696 

18.555 

19.423 

20.295 

21.173 

22.054 

22.939 

23.831 

24.725 

25.624 

26.525 

27.429 

28.339 

29.249 

30.166 


OH 

H,N,0 

3*2 

NO 

°2 

0.013 

0.010 


0.013 

0.009 

.723 

.507 


.728 

.730 

1.428 

1.003 


1.451 

1.456 

2.134 

1.500 

2.126 

2.189 

2.212 

2.840 

1.996 

2.853 

2.947 

2.989 

3.552 

2.494 

3.597 

3.722 

3.787 

4.270 

2.991 

4.358 

4.515 

4.603 

4.998 

3.487 

5.133 

5.321 

5.430 

5.737 

3.984 

5.922 

6.140 

6.267 

6.478 

4.481 

6.724 

6.971 

7.115 

7.248 

4.977 

7.535 

7.809 

7.972 

8.015 

5.474 

8.357 

8.656 

8.839 

8.802 

5.971 

9.188 

9.509 

9.713 

9.597 

6.467 

10.024 

10.368 

10.589 

10.396 

6.964 

10.869 

11.232 

11,472 

11.210 

7.461 

11.718 

12.101 

12.361 

12.026 

7.957 

12.573 

12.972 

13.255 

12.847 

8.454 1 

13.432 

13.840 

14.155 

13.686 

8.950 

14.293 

14.725 

15.058 

14.519 

9.448 

. 15.158 

15.606 

15.967 

15.374 

9.945 

16.028 

16.489 

16.882 

16.226 

10.440 

16.898 

17.374 

17.801 

17.093 

10.938 

17.773 

18.262 

18.726 

17.949 

11.435 

18.651 

19.152 

19.658 

18.817 

11.931 

19.531 

20.044 

20.595 

19.691 

12.428 

20.414 

20.937 

21,537 

20.569 

12.925 

21.299 

21.832 

22.485 

21.460 

13.421 

22.185 

22.729 

23.436 

22.348 

13.918 

23.073 

23.630 

24.393 

23.239 

14.414 

23.961 

24.531 

25.352 

24.134 

14.911 

24.852 

25.434 

26.317 

25.034 

15.408 

25.744 

25 .338 

27.285 

25.933 

15.904 

26.637 

27.242 

28.256 

26.835 

16.402 

27.531 

28.148 

29.228 

27.743 

16.899 

28.427 

29.054 

30.207 

28.653 

17.395 

29.322 

29.961 

31.187 

29.565 

17.892 

30.220 

30.869 

32.173 

30.480 

18.389 

31.119 

31.779 

33.162 














TAEL? Ill - EH7H0PIES OF OASES 





^TJsZg ulnwi fj?wui ljj& free — enGx*Fj.y uaua uf re.f orcnce j. j| 


Temper- 



Entropy, s' 

r . oal/*rara mole - 




(°K) 

% 

h 2 o 

*2 

N 

HO 

% 

CH 

H 

0 

300 

31.269 

45.179 

45.328 

36.654 

50.407 

49.049 

43.941 

27.439 

38.092 

400 

33.267 

47.510 

47.833 

38. 083 

52.457 

51.122 

45.994 

28. 363 

39.634 

5pG 

54* BE 6 

49« u61 

43* 401 

39* 131 

34* 0S4 

52.7 40 

47 * 569 

29* w/6 

40*819 

600 

36. 102 

50.920 

60.701 

40.096 

65.414 

54. 118 

48. 856 

30.881 

41.779 

700 

37.184 

52.280 

31.822 

40.862 

56.592 

55.315 

49.948 

31.647 

42.587 

800 

38.129 

53.500 

52.815 

41.526 

67. 616 

56.382 

50.894 

32.311 

43.283 

900 

dB.964 

o4. 60y 

aa»7JLU 

111 

DU* DD6 

D7.D42 

51.745 

52.896 

43.893 

1000 

39.721 

65.634 

54.527 

42.605 

59.399 

58.214 

52 . 607 

33.420 

44.436 

1100 

40. 412 

56. 591 

55.278 

43. 108 

60.185 

59.009 

53.212 

33.893 

44.928 

1200 

41.052 

57.491 

55.976 

43.540 

60.901 

59.748 

53.856 

34.326 

45.375 

1300 

41.648 

58.344 

56.625 

43.938 

61.573 

60.438 

64.471 

34.723 

45.785 

1400 

42.208 

59.149 

57.234 

44.306 

62.196 

61.077 

55.042 

.36.091 

46.164 

1500 

42.739 

59.921 

57.307 

44.649 

62.787 

61*680 

55. 58f7 

35.454 

46. 517 

1600 

43.243 

60. 661 

58.347 

44.969 

63.338 

62.240 

66.098 

36.754 

46.845 

1700 

43.723 

61.351 

58. 659 

45.271 

63.663 

62.781 

56.636 

36.065 

47.154 

1800 

44.179 

62.039 

69.346 

45.554 

64.358 

63.289 

67.048 

36.339 

47.444 

1900 

44.612 

62.693 

59.808 

45, 323 

64.828 

63.771 

67.491 

36. 608 

47.719 

2000 

45.026 

63.313 

60. 249 

46.078 

65.276 

64.234 

57.909 

SB- RB3 

47.onn 

2100 

45.428 

63.919 

60.668 

46.319 

65.707 

64 . 675 

58.383 

37.104 

48.226 

2200 

45.813 

64.472 

61.071 

46.551 

66.119 

65.097 

58.711 

37.336 

48.462 

2300 

46.186 

65.070 

01.457 

46.772 

66j. 512 

65.606 

59.087 

37.557 

48. 6B7 

PACT) 

4A ( EAA 

605 

A1 0 R Off 

4 -*' PRO 

RRR 

R1 *7 

£C| 4.51 

*7. 7«7 

4R, QOl 

2500 

46.P91 

66.136 

62.184 

‘r.i c "7 

67.248 

66.273 

59.803 

37.97i 

49.109 

2600 

47.226 

66. 633 

62.528 

47,;* no 

67. 599 

S6.35B 

60. 140 

38. 166 

49.306 

2700 

47.552 

67.137 

62.860 

47. 539 

67.936 

65.719 

60.470 

38.353 

49.497 

c* OW 

ft t « ou / 

o r • uio 

JLQJ. 

' • f w 

TO* 6W 


Wt i ou 

GO* W1 

V7» VCM 

2900 

48.174 

68. 074 

63.491 

47.925 

68.573 

67.411 

61.096 

38.708 

49.858 

3000 

48.471 

68.529 

63.792 

48.093 

68. 877 

67.991 

61*396 

38.877 

50.030 

3100 

48.769 

68.971 

64.082 

48.255 

69. 173 

68.306 

61. 688 

39.039 

50.194 

3200 

49.039 . 

69.399 

64.364 

48.413 

69.461 

68. 613 

61.971 

39.197 

50.354 

3300 

49. 314 

69.816 

64.638 

48. 567 

69.739 

68.909 

62.249 

39.350 

50, 509 

3400 

49.580 

70.217 

64.904 

48.715 

70.010 

69.198 

62.615 

39.498 

50.659 

3500 

49.841 

70. 618 

65. 163 

49.859 

70.272 

69.480 

62.775 

39.642 

50. 805 

3600 

50.095 

71.007 

65. 414 

49.000 

70. 527 

69.753 

63.029 

39.782 

50.947 

3700 

50. 342 

71.381 

65.660 

49.136 

70.775 

70. 018 

63.277 

39.918 

51.085 

3800 

50.585 

71.757 

65.899 

49.270 

71.017 

7.0.281 

63.520 

40.051 

61.220 

3900 

50.821 

72.109 

63. 132 

49.400 

71.252 

70.657 

63.759 

40.180 

51.351 

4000 

61.054 

72.458 

66.360 

49.527 

71.481 

70.787 

63.989 

40.306 

61.479 
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TABLE IV - SUMMARY OF THEORETICAL 





At stoichiometric 


Propellants 

Formula 

Fuel 

(percent 

by 

weight) 

Reaction- 

chamber 

temperature 

(°£) 

Speolfio 

impulse 

I, 

(lb-sec/lb) 

Volume 
specif lo 
impulse, 
Id/62.4 
(lb-sec/cu ft) 

Liquid hydrogen and 
liquid ozone 

H 2"°3 

11.19 

3640 

314.0 

a 143.0 

Liquid hydrogen and 
liquid oxygen 

h 2”°2 

11.19 

3440 

296.0 

°124.8 

Hydrazine and 
liquid ozone 

N 2 H 4 -O 3 

50.04 

3480 

269.4 

a 321.5 

Hydrazine and 
liquid oxygen 

NgH 4 -0 2 

50.04 

3280 

258.0 

°277.0 

Hydrazine and 

hydrogen peroxide 

Jf 2 H 4“ H 2°2 

32.03 

2840 

242.0 

309.0 

Liquid ammonia 
and liquid ozone 

nh 3 -o 3 

41.52 

3290 

263.0 

b 244.0 

Liquid ammonia 

and liquid oxygen 

nh 3 -o 2 

41.52 

3038 

249.0 

d 210.0 

Liquid ammonia 

and hydrogen peroxide 

bh 3 -h 2 o 2 

26.03 

2585 

234.4 

255.0 

Hydrazine hydrate 
and liquid ozone 

Ii 2 ii 4* H 2°-°3 

61.04 

3000 

246.3 

a 289.2 

Hydrazine hydrate 
and liquid oxygen 

NgH 4 .H 2 O.Og 

61. 0A 

2750 

235.4 

°252.0 

Hydrazine hydrate 

and hydrogen peroxide 

N 2 H 4 .Hj 3 O.HgO 2 

42.38 

2455 

226.7 

281.8 

Hydroxylamine and 
liquid ozone 

NH 2 0H-0 3 

80.53 

2980 

246.5 

a 307.0 

Hydroxylamine and 
liquid oxygen 

nh 2 oh-o 2 

80.53 

2850 

240.0 

°285.5 


a Inlet temperature of liquid ozone, -112° C. 

^Inlet temperature of liquid ozone, -112° 0: liquid ammonia, 18° C. 

°Inlet temperature of liquid oxygen, -182° C. 

d Inlet temperature of liquid oxygen, -182° Cs liquid ammonia, 18° C. 
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At maximum specific impulse 

Fuel 

(percent 

by 

weight) 

Reaction- 

chamber 

temperature 

Tc 

(°K) 

Specific 

Impulse 

I, 

(lb-sec/lb > 

Volume 
specific 
impulse 
Id/62.4 
(lb-sec/cu ft) 

27.0 

2665 

372.7 

a 85.0 

24.5 

250.5 

344.0 

c 82.3 

61.0 

3275 

277.1 

a 318.0 

58.0 

3160 

265.7 

c 282.0 

40.0 

2750 

247.5 

307.0 

48.0 

3158 

265.0 

*>233.2 

46.5 

2870 

251.0 

d 204.5 

26.0 

2588 

235.8 

253.0 

63.0 

2950 

249.0 

a 288.0 

61.4 

2748 

235 

C251.8 

42.0 

2460 

227.0 

282.0 

83.5 

2920 

248.0 

3307.0 

83.4 

2820 

241.0 

c 287.0 


At maximum volume specific impulse 



Fuel Reaction- 
percent chamber 
by temperature, 
weight) T e 
(°K) 


Volume 
specific 
impulse, 
Id/62.4 
(lb-sec/cu ft) 


54.0 

3450 

274.0 

a 321.7 

57.0 

3190 

265.5 

c 282.0 

35.0 

2815 

245.0 

310.0 


22V .0 

248.0 

235.4 

226.0 

247.5 
240.7 


257.5 
a 289.8 
c 252.3 
282.2 
*•307.5 
c 287.3 
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TABLE V - COMPARISO* OP PERFORMANCE OP CARBOR-BEARIHG PROPELLANTS 
WISH HCVCARBON— HEARING PROPELLANTS 


Propellant cotobinatlan 
at maximun specific 
iopolae 

(peroont by wei^it) 

Mean moleoula? 
weight of raac tian— 
chamber gaaea, IT 

Maximum specific 
impulse, I 
(lb-sec/lb) 

Reao tlon-chamber tem- 
perature at maximum I 
T c , (°K) 

Source of data 

40-percent CgHgOE, 





60-percent Og 


243.0 

3180 

Reference 10 

27.6-percent CqHjq# 





72.4-percent Og 

22.66 

242.0 

3295 

Reference 10 

40. O*peroent HgH 4 « 





60.0-peroent BgOg 

18,00 

247.5 

2760 

Figure 7(c) 

32. 6-peroent CHgHHg, 





67.4-percent Og 


261.5 

3390 

Reference 10 

46.&-peroent NHg# 





53 .5— percent Og 

18.10 

251.0 

2870 

Figure 8(b) 

25-percent CaHr’NHb. 





75-percent HNOs+ejlSNOg 





(red fuming nitric 
acid) 

25. 41 

220.5 

5070 

Reference 10 

NBgOH (monofuel) 

16.50 

223.0 

2085 

Figure 10 
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(a) Liquid ozone* 

Figure 1. - Composition of reaction-chamber gas from hydrogen with liquid 
ozone and with liquid oxygen. Reaction -chamber pressure, 300 pounds per 
square inch absolute* 



Reaction-chamber ga3 composition, mole fraction 
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10 15 20 25 30 35 

Hydrogen in mixture, percent by weight 

(b) Liquid oxygen. 

Figure 1. - Concluded. Composition of reaction-chamber gas from hydrogen 
with liquid ozone and with liquid oxygen. Reaction-chamber pressure, 
300 pounds per square inch absolute. 


905 



Reaction -chamber gaa composition, mole fraction 
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50 54 58 62 66 70 74 


Hydrazine in mixture, percent by weight 
(a) Liquid ozone* 

Figure 2. - Composition of reaction-chamber gas from hydrazine with 
liquid ozone, with liquid oxygen, and with 100-percent hydrogen 
peroxide. Reaction-chamber pressure, 300 pounds per square inch 
absolute* (Curves from reference 6) 






Reaction-chamber gas composition, mole fraction 
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(b) Liquid oxygen. 

Figure 2. - Continued. Composition of reaction-chamber gas from hydrazine 
with liquid ozone, with liquid oxygen, and with 100-percent hydrogen 
peroxide. Reaction-chamber pressure. 300 pounds per square inch 
absolute. (Curves from reference 6) 


905 


Reaction-chamber gas composition, mole fraction 
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Stoichiometric mixture 


0 u r - ’n HT-nBa-M 1 n ■ 1 1 ■ . I ■ . ■ 1 1 ■ ■ . 

30 40 50 60 

Hydrazine peroxide in mixture, percent 
by weight 

(c) 100-percent hydrogen peroxide* 

Figure 2* - Concluded. Composition of reaction-chamber gas from hydrazine 
with liquid ozone, with liquid oxygen, and with. 100-percent hydrogen 
peroxide. Reaction-chamber pressure, 300 pounds per square inch 
absolute* (Curves from reference 6) 



Reaction-chamber gas composition, nolo fraction 
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Figure 3. - Composition 
liquid osone, with 11 
peroxide, Reactl 








Reaction-chamber gas composition, mole fraction 
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40 45 50 55 

Ammonia in mixture, percent by weight 
(b) Liquid oxygen. 

Figure 3, - Continued, Composition of reaction-chamber gas from liquid 
aimonia with liquid ozone, with liquid oxygen, and with 100-percent 
hydrogen peroxide. Reaction-chamber pressure, 300 pounds per square 
Inch absolute. 




Reaction-chamber gas composition, mole fraction 
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20 26 30 35 40 45 

Ammonia in mixture, percent by weight 
(c) 100-percent hydrogen peroxide. 

Figure 3. - Concluded, Composition of reaction-chamber gas from liquid 
ammonia with liquid ozone, with liquid oxygen, and with 100-percent 
hydrogen peroxide. Reaction-chamber pressure, 300 pounds per square 
inch absolute. 






Reaction-chamber gas composition, mole fraction. 
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(a) Liquid ozone. 

Figure 4. - Composition of reaction-chamber gas from hydrazine hydrate 
with liquid ozone, with liquid oxygen, and with 100-percent hydrogen 
peroxide. Reaction-chamber pressure, 300 pounds per square inch 
absolute. 



Reaction-chamber gas composition, mole fraction 
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55 60 65 70 75 80 


Hydrazine hydrate in mixture, percent by weight 
• (b) Liquid oxygen. 

Figure 4. - Continued. Composition of reaction-chamber gas from hydrazine 
hydrate with liquid ozone, with liquid oxygen, and with 100-percent 
hydrogen peroxide. Reaction-chamber pressure, 300 pounds per square inch 
absolute. 
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Reaction-chamber gas composition, mole fraction 
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Stoichiometric mixture 


msnnn>S9! 


h— mi mmat 


Hydrazine hydrate in mixture, percent by weight 
(o) 100-percent hydrogen peroxide. 

Figure 4. - Concluded. Composition of reaction-chamber gas from hydrazine 
hydrate with liquid ozone, with liquid oxygen, and with 100-percent 
hydrogen peroxide. Reaction-chamber pressure, 300 pounds per square inch 
absolute. 







Reaction-chamber gas composition, mole fraction 
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(a) Liquid ozone • 

Figure 5. - Composition of reaotlon-ehaaber gas from hydroxTlamine as 
monofuel, with liquid ocone, and with liquid oxygen* Reaction -chamber 
pressure, 300 pounds per square inch absolute* 


to 
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Reaction-chamber gas composition, mole fraction 
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Hydroxylamine in mixture, percent by weight 
(b) Liquid oxygen* 


Figure 5. - Concluded. Composition of reaction-chamber gas from hydrox- 
ylamine as monofuel, and with liquid ozone, and with liquid oxygen* 
Reaotion-cheeaber pressure, 500 pounds per square inch absolute* 





36 


NACA RM No. E8A30 



Hydrogen In mixture, percent by vel ght 

(a) Liquid ozone. 

Figure 6. - Theoretical performance of liquid hydrogen with liquid ozone and with 
liquid oxygen. Reaction-chamber pressure, 300 pounds per square inoh absolute; 
expansion ratio, 20.4; frozen equilibrium during expansion. 



Volume specific impulse, 1^/62. 4, lb-sec/cu ft 
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10 15 20 25 30 35 


140 


120 


100 


80 


60 


40 


Hydrogen in mixture, percent by weighty 
<b) 


Liquid oxygen. 

Figure 6. - Concluded. Olieoretioal performance of liquid hydrogen with liquid ozone 
and with liquid oxygen. Reaction-chamber pressure, 300 pounds per square inch 
absolute; expansion ratio, 20.4; frozen equilibrium during expansion. 



Volume specific impulse, X^/62.4, lb-seo/cu ft 
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3400 


3200 


3000 


2800 2000 


2600 „ 1800 
ID 

! 

g 

® 1600 

I 

4* 

■P 

T3 1400 

<* 

I 

<D 

r~l 

H 

N 

£ 1200 



Hydrazine in mixture, percent by weight _ __ 

(a) Liquid ozone. '^,NACA^ 

Figure 7. - Theoretical performance of hydrazine with liquid ozone, with liquid oxygen, 
and with 100-percent hydrogen peroxide, Reaction^chomber pressure, 300 pounds per 
square inch absolute; expansion ratio, 20.4; frozen equilibrium during expansion. 
(Reference 6). 



NACA RM No. E8A30 



39 



50 55 60 65 7 0 75 


3 

> 

© 

w 

I 

H 


300 


^80 + 280 


© 

© 

r-t 

260 ft 


5 


260 


240‘S 

o 

ft 

OT 


240 


Hydrazine in mixture, percent by weight 

(b) Liquid oxygen. 


Figure 7. - Continued. Theoretical performance of hydrazine with liquid ozone, with 
liauid oxygen, end with 100-percent hydrogen peroxide. Reaction-chamber pressure, 
300 pounds per square inch absolute; expansion, ratio, 20.4; frozen equilibrium 
d'lring expansion. (Reference 6). 


Volume specific impulse, I d /62.4, lb-soo/cu ft 
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3000 


^ 2800 


2600 


2400 


2200 


2000 


1800 
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4 
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% 
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Figure 7. - Concluded. Theoretical performance of hydrszine with liquid ozone, with 
liquid oxygen, and with 100-percent hydrogen peroxide. Reaotion-chajnber pressure, 
300 pounds per square inch absolute; expansion ratio, 20.4; frozen equilibrium 
during expansion. (Reference 6). 
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(a) Liquid ozone. " 

Figure 8. - Theoretical performance of ammonia with liquid ozone, with liquid 
oxygen, and with 100-percent hydrogen peroxide. Reaction-chamber pressure, 
300 pounds per square inch absolute! expansion ratio, 20.4; frozen 
equilibrium during expansion. 
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Figure 8* - Continued. Theoretical performance of ammonia with liqtiid 
ozone, with liquid oxygen, and with 100-percent hydrogen peroxide. 
Reaction-chamber pressure, 300 pounds per square inch absolute; expansion 
ratio, 20.4; frozen equilibrium during expansion. 
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Figure 8. - Concluded. Theoretical performance of ammonia with liquid ozone, with 
liquid oxygen, and with 100-percent hydrogen peroxide. Reaction-chamber pressure, 
300 pounds per square inch absolute; expansion ratio, 20.4; frozen equilibrium 
during expansion. 
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Figure 9. - Kieoretioal performance of hydrazine hydrate with liquid ozone, 
with liquid oxygen, and with 100-percent hydrogen peroxide. Reaction- 
chamber pressure, 300 pounds per square inch absolute; expansion ratio, 
20.4; frozen equilibrium during expansion. 
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Figure 9, - Continued. Theoretical performance of hydrazine hydrate with 
liquid ozone, with liquid oxygen, and with 100-percent hydrogen peroxide. 
Reaction-chamber pressure, 300 pounds per square inch absolute; expansion 
ratio, 20,4; frozen equilibrium during expansion. 
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Figure 10. - Theoretical performance of hydroxylemine with liquid ozone and 
With liquid oxygen* Reaot ion-chamber pressure, 300 pounds per square inch 
absolute; expansion ratio, 20.4; frozen equilibrium during expansion. 
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Figure 10. - Concluded. Theoretical performance of hydroxylamine with liquid 
ozone and with liquid oxygen. Re action -chamber pressure, 300 pounds, per square 
inch absolute; expansion ratio, 20.4; frozen equilibrium during expansion. 
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Figure 11. - Comparison of performance parameters of several rocket propellant combinations. Reaction- 
chamber pressure, 300 pounds per square inch absolute; expansion ratio, 20.4; frozen equilibrium during 
expansion. 
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Figure li., - Continued. Comparison of performance parameters of several rocket propellant combinations. 
React ion-chamber pressure, 300 pounds per square inch absolute; expansion ratio, 20.4; frosen equilibrium 
during expansion. 
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Figure ll. - Concluded. Comparison of performance parameters of several rocket propellant comblnatlonfl. Reaotlon- 
ohamber pressure, £500 pounds per square inch absolute; expansion ratio, 20.4; frozen equilibrium during 
expansion. 
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